The effects of subarachnoid hemorrhage (SAH) on neuronal uptake and metabolism of serotonin (5-HT) in the rabbit basilar artery were examined. Ex tracted 3H-amines from the isolated arteries after incuba tion with [3H]5-HT were separated by column chroma tography. Radioactivity of 5-HT and 5-hydroxyindoleace tic acid was, respectively, 52.7 ± 13.9 and 22.9 ± 5.4 x 10 2 dpm/mg tissue in the control group (n = 8); 32 and
Perivascular nerves of the cerebral artery take up externally applied serotonin (5-HT) in vitro and in vivo (Chan-Palay, 1976; Verbeuren et a\. , 1983; Ed vinsson et aI. , 1984) . Recently Saito and Lee (1987) and Yu and Lee (1989) reported that large cerebral arteries do not receive authentic serotonergic inner vation and that 5-HT is taken up by sympathetic nerves as an alternative transmitter in several spe cies. Jackowski et at. (1989) demonstrated the in creased accumulation of 5-HT in the sympathetic nerve of the major cerebral arteries after experi mental subarachnoid hemorrhage (SAH) in the rat. Monoamine oxidase (MAO) in the arterial wall is expected to degrade 5-HT to its biologically in active form, i. e. , 5-hydroxyindoleacetic acid (5-HIAA) (Goridis and Neff, 1971; Coquil et aI. , 1973; Levin and Wilson, 1977; Pavia et a\. , 1984) . How ever, the influence of SAH on the metabolism of 5-HT in the cerebral circulation has not been well 18% of control after denervation (n = 6); 99 and 12% of control after treatment with pargyline (n = 7); and 65 and 76% of control after SAH (n = 7). These results suggest that the neuronal uptake of 5-HT is impaired by SAH, although monoamine oxidase activity is relatively pre served. Key Words: Sympathetic nerve-Serotonin Subarachnoid hemorrhage-Rabbit basilar artery. studied. The present experiment was designed to examine the ability of isolated rabbit basilar arteries to degrade externally applied [ 3 H]5-HT and to eval uate the effects of SAH on the neuronal uptake and metabolism of 5-HT in vitro. The arteries for the experimental SAH study were removed 3 days after induction of hemorrhage. This time period was cho sen to correspond with maximal impairment of the [ 3 H]norepinephrine uptake mechanism (Svend gaard et aI. , 1977; Lobato et aI. , 1980; Edvinsson et a\. , 1982) .
MATERIALS AND METHODS
Thirty-two male New Zealand white rabbits, weighing 2.9-3.7 kg. were used. In seven animals, autologous ar terial blood (5 m\) was injected percutaneously into the cisterna magna with a 23-gauge needle, under ketamine (50 mg/kg) and xylazine (10 mg/kg) anesthesia with pan curonium bromide (0.08 mg/kg) (Nakagomi et aI., 1987) . Ventilation was maintained with a Harvard dual-phase control respirator. On day 3 the animals were reanesthe tized with ketamine and xylazine and killed by exsangui nation from the femoral arteries. Twenty-five animals without SAH were similarly prepared and killed. The an imal protocol was approved by the University of Virginia Animal Research Committee. The basilar arteries were washed intraluminally with Krebs solution [composition (mM): NaCI 120; KCl 4.5; MgS04 1.0; NaHC0 3 27.0; KH2P04 1.0; CaCl2 2.5; and dextrose 10.0] and were dis-sected free and incised longitudinally under magnifica tion.
The basilar arteries were incubated in Krebs solution and aerated with 95% O2 and 5% CO2, After 30-min equil ibration in the solution at 37°C, the vessels were incu bated in I ml Krebs solution that contained 10 -7 M eH]5-HT (specific activity 30.0 Ci/mmol; NEN Research Prod ucts, Boston, MA, U.S.A.) for I h. The incubation was terminated by two washings in ice-cold incubation solu tion (2 x 10 min). The tissues were blotted and weighed. The average weight of the arteries without SAH was 3.8 ± 0.9 mg (n = 21) and that with SAH was 3.6 ± 1.1 mg (n = 7). The technique ofWhall et a!. (1980) was used to destroy the adrenergic nerve terminals in six vessels. The arteries were incubated with unbuffered saline (10 ml) containing 3 mg 6-hydroxydopamine (6-0HDA; Sigma Chemical Co., St. Louis, MO, U.S.A.) and I mg ascorbic acid (Sigma) for 15 min, followed by a 2-hr incubation with Krebs solution to allow chemical denervation before labeling. To block MAO, seven arteries were preincu bated with 10-3 M pargyline (Sigma) for 30 min and washed with Krebs solution for 5 min before the incuba tion with [3H]5-HT (Pavia et a!., 1984) .
To verify how much 5-HT had accumulated in the ar teries and was subsequently degraded to 5-HIAA, column chromatographic analysis was performed on acetic acid extracts of the arteries. After the incubation and washout periods, the arteries were incubated for 2 x 30 min in I M acetic acid with continuous stirring. The total eH] con tent remaining in the arteries after the acetic acid extrac tion was determined after solubilization of the tissues with Soluene (Packard Instruments, Downers Grove, IL, U.S.A.). The extraction rate of the [3Hl content with ace tic acid was 96.5 ± 2.7% (n = 9).
In the acetic acid extracts, 5-HT was separated from 5-HIAA with column chromatography, following the method described by Verbeuren et a!. (1988) . 5-HT was adsorbed at pH 6.5 on Amberlite CG50 (0.8 x 2 cm) that had previously been cycled through the hydrogen and sodium forms and equilibrated with phosphate buffer at pH 6.5. After passage of the samples, the resin was washed with 5 ml of water that was collected with the effluent (5-HIAA fraction).
[3H]5-HT was then eluted with 2 x 4 ml of 6 N HCI-ethanol mixture. This method yielded a 77.9 ± 1.9% recovery of [3H]5-HT with a cross contamination of eHJ5-HT in the 5-HIAA fraction that averaged 8.3 ± 1.6% (n = 7). The reported recovery for 5-HIAA using this chromatographic technique was 87% (Baumann and Waldmeier, 1981) .
Nine milliliters of Formula 989 (Eastman Kodak Co., Rochester, NY, U.S.A.) was added to a I-ml aliquot of each of the chromatographic and Soluene extract frac tions, and the radioactivity was then measured in a liquid scintillation counter (RackBeta model 1209; LKB, Turku, Finland). Automatic quench correction was achieved with the external standard method. Samples were counted for 5 min or until 10,000 cpm was reached.
The autoradiography was carried out after incubation of arteries in 10-8 M eHJ5-HT and washout periods. The labeled tissues were fixed with 2.5% glutaraldehyde in Hanks' balanced salts solution (Sigma) for 2 h at room temperature. The tissues were then transferred to cold buffer for 20 h, followed by postfixation at 4°C in 1.5% OS04' After dehydration and embedding in Poly-Bed resin, 1.5-fLm-thick sections were cut and placed on glass slides. The slides were dipped into NTB-2 photo emulsion (Kodak) diluted 1: 1 with distilled water. After the emul sion had dried, the slides were placed in light-tight boxes at 4°C for 3 weeks. After exposure of the slides, the sec tions were developed with D-19 (Kodak) for 3 min, rinsed in distilled water, and fixed with Fix-A (Kodak), which was diluted \: 1 with distilled water.
For each group of preparations, the number of tissues reported is also the number of rabbits used. The data are expressed as means ± SD. Multiple comparisons of spec imen data were evaluated by Tukey's test after analysis of variance. p values of <0.05 were considered to be signif icant.
RESULTS
The radioactivities of eH]5-HT and [3H]5-HIAA were 52.7 ± 13. 9 and 22. 9 ± 5.4 x 102 dpm/mg tissue, respectively, in the control group (n = 8; Table I ). After denervation with 6-0HDA (n = 6), they decreased significantly to 32 and 18% of con trol. After treatment with 10-3 M pargyline, eH]5-HIAA decreased remarkably to 12% of control, while eH]5-HT showed almost the same absolute value (n = 7). After SAH, the radioactivity of 5-HT and 5-HIAA decreased significantly to 65 and 76% of control (n = 7). The ratio of [3H]5-HIAA to eH]5-HT in arteries after treatment with 6-0HDA or pargyline was significantly smaller than that of the control group.
Autoradiographic examination of eH]5-HT up take in basilar arteries showed that silver grains were concentrated primarily in the adventitial medial border (Fig. 1) . The silver grains were sparse in the smooth muscle layer and the endothelial cells. In the artery after treatment with 6-0HDA, a diffuse distribution of grains was found throughout the vascular wall, although a dense accumulation of silver grains was not observed.
DISCUSSION
The results of the present study show that the majority of eH]5-HT is taken up by perivascular sympathetic nerves in rabbit basilar arteries, be- ., ," I cause treatment of the vessels with 6-0HDA re duced both the content of eH]-amines and the au toradiographic accumulation in the adventitia cor responding to the distribution of sympathetic nerves. 6-0HDA is taken up by sympathetic nerve endings and causes them to degenerate, resulting in a condition similar to that after surgical denervation (Haeusler et aI., 1969) . The ratio of 5-HIAA to 5-HT of denervated arteries is significantly smaller than control, suggesting the following possibilities: (a) MAO activity was impaired by 6-0HDA; (b) the pool of 5-HIAA in the sympathetic nerve was re duced more than that of 5-HT by the denervation procedure; or (c) a releasing process of 5-HIAA from the nerve ending was accelerated by the treat ment with 6-0HDA. 5-HT is transformed into 5-hydroxyindoleacetal de hyde by MAO and then oxidized to 5-HIAA in J Cereb Blood Flow Metab, Vol. 11, No.2, 1991 6 .. 0HDA the presence of aldehyde dehydrogenase (Griffith, 1988) . MAO has two subclasses: type A and B. 5-HT is degraded mainly by type A MAO, which is known to exist in the mitochondria of sympathetic nerves and is considered to maintain the equilib rium of the stored stable and labile norepinephrine pools by eliminating the excessive norepinephrine in the neuroterminal (Goridis and Neff, 197 1; Co quil et aI., 1973; Levin and Wilson, 1977) . In the physiological state, norepinephrine and neuropep tide Y are original neurotransmitters in the sympa thetic nerve (Hara and Edvinsson, 1987) . When the 5-HT level becomes too excessive in the sympa thetic nerve to be incorporated in the storage vesi cle, it may be metabolized by MAO. Treatment of vessels with the MAO inhibitor pargyline, which is known to inhibit both types of MAO, results in a remarkable reduction of 5-HIAA content with a di-minished 5-HIAA/5-HT ratio. This suggests a sig nificant role of MAO in the metabolism of 5-HT that is taken up by sympathetic nerves of the cerebral artery.
Several possibilities should be considered to ex plain the present result that both eH]5-HT and eH]5-HIAA contents in arteries after SAH were significantly smaller than control. One is that the storage site for 5-HT was already occupied by 5-HT from the subarachnoid clot at the time of incubation with eH]5-HT, although the vessels were preincu bated with Krebs solution to equilibrate before la beling in the present study. An immunohistochem ical study, however, showed that the 5-HT content in the perivascular nerves decreased remarkably from 6 h following experimental SAH and almost disappeared on day 3 (Jackowski et aI., 1989) . Therefore, 5-HT that was taken up before labeling might be small in amount even if it existed. Another possibility is that MAO activity is induced by long term exposure to 5-HT in the subarachnoid clot, resulting in reduced eH]5-HT content in the uptake study. However, since the ratio of 5-HIAA to 5-HT in the vessels after SAH was not significantly larger than control, MAO activity does not seem to be potentiated by SAH, although the ratio may not necessarily reveal the real activity of MAO. On the other hand, one of the other enzymes in the sym pathetic nerve, dopamine f3-hydroxylase, alterna tively loses its activity after SAH (Lobato et aI., 1980) . The third possibility is that SAH impairs the active transport of 5-HT into storage sites in the sympathetic nerve. Several reports indicate that sympathetic nerve dysfunction occurs after SAH. Svendgaard et al. (1977) demonstrated decreased norepinephrine content and eH]norepinephrine up take in the cerebral arteries after SAH, and later Lobato et al. (1980) reported similar results, includ ing decreased dopamine f3-hydroxylase activity. The fluorescein intensity of the sympathetic nerves was markedly reduced 2-3 days after SAH in the rat and monkey (Svendgaard et aI., 1977; Delgado et ai, 1985; Hara et aI., 1986) . The number of nerves and intensity of fluorescein decreased to � 25% of con trol 3 days after SAH in rabbits (Edvinsson et aI., 1982) . Therefore, in the present study, the de creased eH]5-HT content of the vessel 3 days after SAH is possibly caused by the degenerative changes in sympathetic nerves affecting the uptake of amines. MAO activity is considered to be one of the fac tors regulating the neuronal uptake of amines in the physiological state and its inhibition causes marked reduction of 5-HIAA in the vessels. However, MAO activity may not be a primary cause of de-creased uptake of 5-HT after SAH because this ac tivity seems to be preserved according to the ratio of eH]5-HIAA to eH]5-HT in the arteries after SAH in the present study. The reduction of 5-HIAA content of the vessels after SAH may be caused by the decreased uptake of its precursor into the nerve.
Although little is known about the storage and release mechanism of 5-HT in the sympathetic nerve in vivo, some in vitro studies with radiola beled norepinephrine and 5-HT indicate these amines have similar but not identical biological be havior (Chang et aI., 1990) . If the uptake and deg radation processes of 5-HT take place consistently in the sympathetic nerve in vivo, the nerves can serve as a scavenger of excessive 5-HT in the vi cinity of the adventitia after SAH. Decreased scav enging ability after SAH may allow more molecules of 5-HT to reach receptors in the smooth muscle, leading to chronic contraction. Further studies of the kinetics of 5-HT in vivo are expected to eluci date the role of the perivascular nerve in the devel opment of vasospasm following SAH.
